Bacterial plasmids encode partitioning (par) loci that ensure ordered plasmid segregation prior to cell division. par loci come in two types: those that encode actin-like ATPases and those that encode deviant Walker-type ATPases. ParM, the actin-like ATPase of plasmid R1, forms dynamic filaments that segregate plasmids paired at mid-cell to daughter cells. Like microtubules, ParM filaments exhibit dynamic instability (i.e., catastrophic decay) whose regulation is an important component of the DNA segregation process. The Walker box ParA ATPases are related to MinD and form highly dynamic, oscillating filaments that are required for the subcellular movement and positioning of plasmids. The role of the observed ATPase oscillation is not yet understood. However, we propose a simple model that couples plasmid segregation to ParA oscillation. The model is consistent with the observed movement and localization patterns of plasmid foci and does not require the involvement of plasmid-specific host-encoded factors. 
INTRODUCTION
In prokaryotes, active segregation of lowcopy-number plasmids into daughter cells relies on the function of partitioning (par) loci encoded by the plasmids themselves. The early discovery that par loci encode transacting proteins that act on cis-acting regions on the plasmids prompted investigators to designate these regions as centromere-like sites, by analogy to the centromeres of eukaryotic chromosomes. Recent discoveries that par loci encode cytoskeletal spindle-like structures that separate and distribute plasmids to daughter cells have extended the parallels between eukaryotic chromosome segregation and prokaryotic plasmid partitioning, and the proposed functional analogy between these processes has turned out to be even more justified than initially anticipated. In particular, the discovery that the Type II partitioning ATPase, ParM, forms actin-like filaments that segregate plasmids has greatly changed the view of the plasmid partitioning process. The unrelated and more common Type I par loci also encode filament-forming ATPases that play a central role in plasmid segregation. These filaments oscillate over the nucleoid. Here we review recent advances in the mechanistic understanding of how plasmid-encoded partitioning loci secure ordered segregation of their replicons and compare them to chromosome-encoded partitioning loci. We also present a working model that explains how oscillating, filament-forming proteins might mediate plasmid segregation.
FACTORS AND GENES INFLUENCING PLASMID MAINTENANCE
Several factors influence the genetic stability of prokaryotic plasmids. Obviously, one important factor is copy-number control. The copy-number-control systems in natural plasmids ensure that each plasmid, on average, replicates once per cell cycle. In general, highcopy-number plasmids are relatively small and their genetic stability is thought to rely on random (i.e., binomial) segregation of the individual plasmid molecules at cell division. However, not all high-copy-number plasmids are as stable as would be expected from random assortment. This is usually attributed to factors that reduce the number of segregating units, such as fluctuations in plasmid copynumber in individual cells, plasmid clustering (discussed below), or plasmid multimerization arising from homologous recombination (101a, 119, 135) . Accordingly, most natural plasmids encode site-specific resolution systems that resolve plasmid multimers into monomers (5, 19, 87, 136) .
In general, low-copy-number plasmids are larger than high-copy-number plasmids, a relationship that may help to minimize the metabolic burden imposed by the plasmids on their host cells. Obviously, a low-copynumber raises another problem: low-copynumber plasmids cannot rely on random segregation to ensure stable inheritance. Accordingly, plasmids have evolved true partitioning (par) loci that actively segregate plasmid copies to daughter cells before cell division. In addition, many low-copy-number PSK: post-segregational killing plasmids encode so-called post-segregational killing (PSK) systems that increase plasmid maintenance by killing plasmid-free cells. These systems may be viewed as providing a backup stabilization mechanism of last resort that is executed when a true par locus fails to function properly (44, 71) ].
PLASMID PARTITIONING LOCI
All known plasmid-encoded partitioning loci encode two trans-acting proteins expressed from an operon and one or more cis-acting centromere-like sites, at which the proteins act (36, 45, 58, 116) . All three components of a par locus, i.e., two proteins and a centromerelike cis-acting site, are essential (1, 20, 36, 57, 116) . Furthermore, the amounts of the partitioning proteins need to be carefully regulated as excess, or shortage, of either partitioning protein is detrimental to par function (20, 36, 38, 85, 91) . Accordingly, transcription of par operons is tightly autoregulated by the par proteins themselves (36, 58, 60, 70) . Generally, par loci function as cassettes independently of the replicon on which they reside (2, 28, 45, 116) .
The first gene of a par operon encodes an ATPase that belongs to one of two different superfamilies of proteins. This property was used to divide par loci into two types (46) . Thus, Type I loci encode Walker box ATPases, and Type II loci encode actin-like ATPases (14, 81) . Members of each of the two ATPase families form filamentous structures central to plasmid partitioning (8, 27, 108) .
The second gene of a par operon encodes a DNA-binding protein that recognizes varying numbers of direct or inverted repeats within a cognate centromere-like site (23, 74, 107, 110) . Binding of the protein to these sites results in the formation of a nucleoprotein complex, also known as the partitioning complex. The partitioning complex is the substrate for plasmid segregation, in which replicated plasmid molecules, often located at the mid-cell position, are moved in opposite directions. There is evidence that the partitioning complex pairs plasmid molecules in a process analogous to pairing of eukaryotic chromosomes before segregation occurs (29, 74) .
Generally, plasmids harbor only one par locus, and Type I loci are by far the most common. However, plasmids carrying two par loci are known: Escherichia coli plasmid pB171 and Salmonella enterica plasmid R27 both carry two functional par loci, one of each type (26, 88) .
TYPE II PARTITIONING LOCI
The best investigated Type II par locus is encoded by plasmid R1 (see Figure 1) . Here, the ATPase was designated ParM (motor), whereas the DNA-binding protein was called ParR (repressor) (20) . The cis-acting site, parC (centromere), consists of ten 11-bp direct repeats located in two clusters of five repeats on either side of the −10 and −35 sequences of the par promoter (20) . All ten direct repeats were required to obtain maximal parCmediated plasmid stabilization (18) . Gel-shift and footprinting analyses showed that ParR binds cooperatively to the ten direct repeats within parC, forming a large nucleoproteincomplex, which also includes the promoter sequences located between the two sets of repeats (107) . Consistent with these findings, ParR is the main regulator of par promoter activity (70) . ParM is not involved in regulating par operon transcription (70) .
ParR-MEDIATED PLASMID PAIRING
ParR binds to parC in vivo and in vitro (20, 70, 107) . The specific interaction of ParR with parC was investigated by electron microscopy (74) . When supercoiled parC-containing DNA was mixed with purified ParR, binding of ParR resulted in a shortening of the DNA fragment, indicating that the parC DNA was wrapped around a core of ParR. Most importantly, ParR mediated parC-dependent pairing of plasmid molecules in vitro. The frequency of pairing was highest with supercoiled plasmid DNA, and the presence of ParM and ATP increased the pairing frequency. A ligation kinetics assay showed that ParR-dependent pairing of DNA molecules at parC was nonrandom with respect to orientation. Hence, the DNA fragments appeared to be ligated in a head-to-head fashion, suggesting that oriented pairing might yield the directionality required for ordered plasmid segregation (74) .
THE ATPase ACTIVITY OF ParM
ParM has moderate, cooperative ATPase activity (that is, its specific activity increases with increasing concentrations of ParM). In addition, the ATPase activity is stimulated by ParR bound to parC DNA (72, 108) . Mutations that changed the conserved Asp170 in the ATPase site of ParM (14) simultaneously reduced the ParM ATPase activity and the ability of ParM to support plasmid partitioning (72) .
ParM FORMS DYNAMIC FILAMENTS
Cytological studies employing immunofluorescence microscopy (IFM) of ParM revealed a striking pattern: In some cells, ParM formed long, curved filaments extending from one pole to the other, or two filaments extending from the middle of the cell to opposite poles. In other cells, ParM appeared as foci, and in yet another subpopulation of cells, the ParM signal was diffusively located throughout the cell. These results show that ParM forms dynamic polymers that alternate between phases of polymerization and depolymerization. Estimation of the number of ParM molecules per cell (15,000-18,000) furthermore suggested that each filament observed by IFM most likely consisted of several parallel protofilaments (108) . The formation of dynamic ParM filaments depended on the presence of both ParR and parC. Thus, even massive overproduction of ParM alone did not yield detectable formation of filaments (108) . In contrast, the ATPase and partition-deficient ParM mutant proteins described above formed straight, rod-like filaments along the long axis of almost all cells. This "hyper-filamentation" phenotype exhibited by the ParM mutant proteins did not depend on ParR and parC and showed that the ATPase activity of ParM is not required for filament formation 
ParM SHARES THE ACTIN FOLD
ParM belongs to a superfamily of ATPases that, besides eukaryotic actins, comprises a number of diverse proteins such as heat shock proteins (Hsc70), sugar kinases, and prokaryotic cell cycle proteins (FtsA and MreB). Despite the relatively low overall sequence identity among these proteins, they all exhibit similarity in five separate, colinear sequence motifs. In the folded proteins, these motifs together form the characteristic threedimensional structure of actin that binds and hydrolyzes ATP (14) . The crystal structure of ParM revealed a three-dimensional architecture very similar to that of actin (140) . Moreover, like actin, ParM forms double helical protofilaments that twist gently around each other (140) .
ParM EXHIBITS DYNAMIC INSTABILITY
When eukaryotic cells enter mitosis, microtubules are reorganized into the mitotic spindle and attach to the kinetochores of paired sister chromatids, thereby promoting their alignment and subsequent partition into daughter cells. Before the spindle apparatus is assembled, tubulin polymers switch between phases of elongation and rapid shortening, a property known as dynamic instability (104) . Dynamic instability plays an important role in the search and capture of chromosomes for correct bipolar alignment (80, 105 
MODEL FOR parMRC-MEDIATED PLASMID SEGREGATION
In actin filaments, nucleation as well as depolymerization and nucleotide exchange is regulated by a number of exogenous factors (131) . For ParM, very fast rates of nucleation, filament disintegration, and dissociation of ADP from ParM monomers suggest that such regulatory factors might not be needed (43) . Furthermore, the fact that the steady-state critical concentration (2.3 µM) needed for ATP-ParM polymerization appears to be far below the intracellular concentration (12 to 14 µM) of ParM suggests that polymerization does not require a nucleation factor (43) . Based on these and previous findings, Dyche Mullins and co-workers proposed a model for R1 partitioning, according to which ParM filaments form spontaneously within the cell. ATP hydrolysis inside the ParM polymers leads to destabilization of the filaments that eventually disintegrate.
However, when a growing filament encounters a set of paired plasmids, the 
MreB, ANOTHER BACTERIAL ACTIN HOMOLOG, IS REQUIRED FOR CHROMOSOME SEGREGATION
Almost all rod-shaped bacteria encode one or more actin-like homologs that are required to maintain cell shape (76) . Thus, in the three model organisms E. coli, Bacillus subtilis and Caulobacter crescentus, MreB is essential in that its depletion leads to the formation of spherical cells and eventually cell lysis (33, 76, 83) . MreB assembles into filaments that are located beneath the inner cell membrane (76, 84) . The first indication that MreB might be involved in chromosome segregation came from the observation that in E. coli, overproduction of ATPase-defective MreB mutant proteins prevented nucleoid separation and severely perturbed localization of the origin and terminus regions of the chromosome (84).
More recently, MreB of C. crescentus was found to interact, directly or indirectly, with a region close to the origin of replication (47) . Inactivation of MreB prevented normal segregation of this region of the chromosome. Whether origin movement is driven by dynamics within the polymerized MreB spirals, reminiscent of IHF: integration host factor the proposed mechanism of ParM-mediated plasmid segregation, or whether motor proteins use MreB cables as a track for pulling the newly replicated origin regions still needs to be elucidated. Table 1 . The organization of Type Ib loci appears to be more reminiscent of Type II loci than of Type Ia loci, an observation that may reflect convergent evolution at the level of gene organization (see Figure 1 ) (46) .
TYPE I PARTITIONING LOCI

THE PARTITIONING COMPLEX
The par locus of P1 encodes ParA and ParB and the cis-acting site parS (see Figure 1 ) (3). parS contains four heptameric (box A) and two hexameric (box B) sequences to which ParB binds (41) . The ParB-binding sites are arranged asymmetrically on either side of a 29-bp DNA sequence recognized by the small heat-stable protein integration host factor (IHF) (40, 41 a Some par loci contain more than one cis-acting region, e.g., par2 of pB171 has two cis-acting sites (see Figure 1 ) (26, 46) . Furthermore, the E. coli linear plasmid N15 encodes a Type Ia par locus very similar to the sop locus of F but lacks the cis-acting site located downstream of the sopAB operon in F. Instead, N15 contains 4 sopC-like inverted repeats, scattered on 13 kb of the N15 sequence (54, 127) . Plasmid RK2 is another example of a plasmid that might encode a Type Ia par system with multiple cis-acting sites as KorB (the ParB homologue) recognizes a sequence repeated 12 times in the RK2 genome. However, most of the 12 sites might not function primarily as partitioning sites in that KorB also acts as a global transcriptional repressor (145) .
HTH:
helix-turn-helix than 34 bp, containing only the ParB-binding sites to the right of the IHF site (103) . Thus, IHF is not essential for par function, but binding of IHF to parS greatly increases the affinity of ParB for parS (39, 40) . ParB interacts with parS in the form of a dimer. Dimerization is mediated by a domain located in the C terminus of the protein (99, 137) . Binding to DNA is most likely mediated by a helixturn-helix (HTH) motif situated in the central part of the linear sequence of ParB. The ParB HTH-motif is believed to bind to the box A sequences of parS (99, 137) . ParB has a second DNA-binding domain that overlaps with the dimerization domain located in the C terminus. The ParB-ParB dimerization interface recognizes the two box B sequences in parS located on both sites of the IHF-binding site (99, 123, 138) . Thus, formation of the ParBparS partitioning complex probably initiates with one dimer of ParB interacting simultaneously with its recognition sequences on both sites of an IHF-induced bend in the DNA (17, 138) . Subsequently, more ParB dimers are loaded onto the complex. These additional dimers are thought to bind primarily by protein-protein interactions, probably via an additional self-interaction domain located in the N-terminal part of ParB, and by nonspecific DNA-protein interactions. The end result is a higher-order structure in which parS is wrapped around a core of IHF and ParB (17, 137, 138) .
The sop (stability of plasmid) locus of F encodes SopA and SopB and the cis-acting site, sopC (see Figure 1) (116) . sopC consists of twelve 43-bp direct repeats, each containing a pair of 7-bp inverted repeats that are recognized by SopB (109, 110) . A single 43-bp repeat is sufficient to allow stable maintenance of a mini-F plasmid (12) . Like ParB, SopB binds to DNA via its HTH-motif (55, 110, 128) . Alignment of the amino acid sequences of ParB/SopB homologous proteins from a number of Type Ia par loci including ParB of prophage P7, KorB of the broad host range plasmid RK2, and ParB of Salmonella typhimurium plasmid pSLT has shown that despite an overall low sequence similarity, these proteins all contain a putative HTH-domain, indicating that these proteins might bind their cis-acting sites in a way analogous to ParB and SopB (55, 99) .
In F, plasmid supercoiling is affected by the partitioning complex (12, 91) . Thus, a single sopC repeat significantly increases the linking number of a mini-F plasmid in the presence of high concentrations of SopB in vivo (100) . As the change in linking number is too large to originate solely from structural changes within the sopC repeat, it was suggested that binding of SopB to sopC nucleates the formation of a higherorder wrapped nucleoprotein complex that involves the DNA adjacent to sopC and proteinprotein interactions between SopB proteins (12, 100). Using fluorescence microscopy, the subcellular localization of SopB was examined. One study used antibodies against SopB (60), while another used a SopB-GFP fusion protein (78) . Both studies reported the presence of SopB foci; however, in the former study, formation and localization of SopB foci required SopA and sopC, whereas in the latter study, SopB localization seemed to be independent of the presence of these components.
In the case of the Type Ib par loci of pB171, pTP228, and pTAR, the B proteins bind to cis-acting regions located upstream of their cognate par operons. Like ParB and SopB, the B proteins of the Type Ib loci form dimers in solution. However, they do not contain HTH-motifs (7, 35) . The structure of the ParG dimer from plasmid pTP228 was solved (50) . The ParG dimer consists of a folded domain made up of the intertwined C-terminal regions of each ParG subunit and a flexible domain consisting of the unstructured N-terminal regions. The folded C-terminal part of the dimer, which forms the putative DNA-binding domain of ParG, has a ribbon-helix-helix (RHH) architecture sim-GFP: green fluorescent protein
RHH:
ribbon-helix-helix ilar to the well-described transcriptional repressors of the Arc/MetJ/CopG superfamily (51, 126) .
LONG-DISTANCE GENE SILENCING BY ParB/parS OF P1
Specific binding of P1 ParB to parS can function as a nucleation site for unspecific binding of ParB to several kilobases of DNA on both sides of parS, a phenomenon called spreading (129) . A similar behavior has been reported for the chromosome-encoded ParB homologue of Streptomyces coelicolor, suggesting that spreading might be a characteristic of many of these DNA-binding proteins (69) . The role of ParB spreading in partitioning is not clear. Initially, analysis of selected spreading-defective P1 ParB mutants revealed that these mutants were also partition defective, and thus led to the suggestion that spreading might play a role in plasmid segregation (129) . Nevertheless, a more recent study, in which plasmid stability was assayed after ParB spreading had been restricted by the introduction of roadblocks on both sites of parS (RepA or GAL4 bound to their cognate recognition sites), indicated that even though limited spreading might assist the partition process, perhaps during plasmid pairing, extensive ParB spreading is probably not essential (130) .
Spreading of ParB results in silencing of genes several or even many kilobases away from parS, presumably because the formation of a ParB-DNA nucleoprotein filament impedes binding of RNA polymerase to the region covered by the nucleofilaments (129) . Similarly, SopB of F can silence genes located far away from sopC. Simultaneously, the DNA becomes inaccessible to cellular proteins such as DNA gyrase and DNA adenosine methylase (101) . However, in the case of F, it is not known if SopB forms a nucleoprotein filament and SopB does not polymerize on DNA outside sopC in vitro (55) . In the F case, gene silencing was explained by SopB-mediated sequestration of the sopC region to specific www.annualreviews.org • Plasmid Segregation Mechanismsaa: amino acids subcellular positions near the cell poles (79, 101) . This proposal is consistent with the finding that the N-terminal region of SopB, which apparently is involved in specific subcellular localization of the protein, is essential for SopB-mediated gene silencing (55, 78, 79) .
PLASMID POSITIONING BY TYPE I par LOCI
Plasmids without a par locus are more or less randomly localized within the bacterial cell, preferably at positions not occupied by the nucleoid (27, 96, 111) . In contrast, the presence of a Type I par locus leads to specific subcellular localization of plasmids to midcell and quarter-cell positions (13, 27, 52, 59, 61, 88, 95, 96, 111) . The plasmid localization pattern is consistent with a model in which plasmids are replicated at mid-cell, separated and actively moved to quarter-cell positions. However, there is some controversy regarding the timing of the plasmid separation process. In one study, synchronized replication of a mini-F plasmid showed that sister plasmid copies could be separated and moved to quarter-cell positions within 5 min after replication had completed, independently of cell division (117) . In two other studies in which time-lapse microscopy was used to show the dynamic movements of P1 plasmids and plasmids carrying par2 of pB171, respectively, plasmid foci positioned at mid-cell usually did not segregate until very late in the cell cycle (27, 95) . The apparent temporal coupling of plasmid segregation and cell division observed in the latter studies raises the possibility that plasmid partitioning and cell division might be co-ordinated. In the P1 study, it was suggested that plasmids might be capable of delaying cell division until segregation is complete (95) . However, several studies have shown that plasmids carrying Type I par loci are regularly distributed along the long axis of filamentous cells in which cell division has been inhibited by treatment with cephalexin (27, 30, 52) . The latter observations indicate that plasmid segregation does not depend on completion of cell division.
ROLES OF DEVIANT WALKER-TYPE ATPases IN PLASMID PARTITIONING Promoter Regulation
Type Ia ATPases function both in plasmid partitioning and in repression of par operon transcription (Figure 1) . ParA of P1 and SopA of F bind to operator sites in their cognate promoter regions via HTH-motifs in their N termini (24, 58, 110, 128) . In the case of P1 ParA, ATP and ADP both promote ParA dimerization and it is the dimer that binds operator DNA (21) . However, ADP and nonhydrolyzable ATP analogs stimulated operator binding much more than ATP (15) . ParA proteins with aa changes in the Walker box motifs that reduced ATPase activity behaved as superrepressors of transcription (37) . These results support the notion that the catalytic event itself triggers a conformational change in ParA that is deleterious to DNA binding.
In vivo, ParB and SopB greatly enhance transcriptional repression by ParA and SopA (36, 60) , respectively, in agreement with in vitro data showing that ParB/SopB stimulates ParA/SopA operator DNA binding (22, 110) . In vivo, parS and sopC act as ParB/SopB dependent corepressors of their cognate par promoters, and deletion of parS/sopC in both cases leads to significant increases in par operon transcription. parS/sopC also act as co-repressors in trans, implying that transcriptional repression is not due to spreading of ParB/SopB from the centromere site (56, 148) . In support of this notion, Hao & Yarmolinsky found that silencing of the par operon by spreading of ParB from parS in its natural position downstream of ParB probably does not play any major role in autoregulation of the par promoter (56) . The fact that a single parS site in the chromosome was able to repress the par promoter carried by a high-copy-number reporter plasmid led to the suggestion that parS might act catalytically by stimulating ATP hydrolysis and thereby induce a conformational change in free ParA that would make it a better repressor (56) .
For F, it was suggested that the sopCmediated enhancement of SopB co-repressor activity could be the result of a direct contact between the SopB-sopC partitioning complex and the SopA protein bound at the par promoter (148) . Such an interaction might involve intramolecular looping of plasmid DNA or alternatively, the SopB-sopC complex on one plasmid might interact with ParA bound on another plasmid in an intermolecular looping reaction. This would agree with the proposal that pairing of plasmids is an important step in the partitioning process.
Separation of Plasmids Paired Via Their Partitioning Complexes
Austin & Abeles were the first to suggest a model for P1 partitioning involving pairing of plasmids at parS (3). Excess ParB protein destabilizes a P1 plasmid carrying either the entire par locus or the parS site (38) . Plasmid destabilization was more severe than would be expected from random distribution of individual plasmids at cell division, consistent with the proposal that the plasmids segregated in pairs or even in clusters. Recently, the question of plasmid pairing was addressed by in vivo experiments in which the topoisomer distribution of parS-containing plasmids was analyzed in the presence and absence of ParB. The results were consistent with ParB-mediated plasmid pairing at parS; however, they did not prove that pairing actually occurs (29) .
A series of experiments, performed with different par loci, raised the possibility that the Walker Box ATPases might play a role in the separation of plasmid molecules paired at their centromere sites. In vitro experiments performed with the components of the P1 par locus have shown that at high ParA/ParB ratios, ParA destabilizes the partitioning complex formed at parS (15) . A similar observation was made in the case of the Type Ib par locus of pTP228 (7) . Moreover, ectopic overexpression of ParA has been shown to destabilize a P1 plasmid (1). The same was true for plasmid F, in which case an excess of SopA interfered with plasmid partitioning. Investigation of this phenomenon revealed that excess SopA is capable of counteracting the increase in plasmid linking-number normally induced by binding of SopB to sopC, suggesting that SopA disrupts the partitioning complex (91) . The SopA effect required ATP-binding and/or hydrolysis and is probably mediated by direct interaction of SopA with SopB. In another study, overproduction of a mutant SopA protein, carrying an aa substitution of a conserved lysine in the ATP-binding site, apparently had no effect on the linking number of a mini-F plasmid (97) . Moreover, in mini-F plasmid stability tests, expression of the mutant SopA protein instead of wild-type SopA resulted in a hyper-instability phenotype. One possible interpretation of these data is that the mutant SopA protein fails to separate F plasmids paired via their SopB/sopC complex. Consequently, the plasmids cannot segregate as independent units and severe plasmid instability follows (97) . Certain aa substitutions in the Walker A box of ParA of P1 also conferred a hyper-instability phenotype (37) .
Another clue that the Type I ATPases might function in separation of plasmids during partitioning came from cytological studies. In the case of the P1 plasmid, absence of ParA resulted in a decreased number of cells with a plasmid focus at mid-cell, and foci localized to the cell center failed to divide before cell division (96) . Further support for this contention came from a study of aa changes in the Walker A box of ParA of pB171 that rendered the protein defective in plasmid stabilization. The mutant protein still mediated mid-cell localization of plasmid foci in a significant number of cells but the foci often failed to divide, thus explaining why plasmids carrying this mutation were unstable (27) . Finally, inactivation of the IncC ATPase of plasmid RK2 resulted in a decrease in the number of www.annualreviews.org • Plasmid Segregation Mechanismsplasmid foci that could be observed by IFM with KorB-specific antibodies, consistent with impaired plasmid separation (13) .
Segregation of Plasmids into Daughter Cells
The partitioning ATPases studied so far all have a weak intrinsic Mg 2+ -dependent ATPase activity that is stimulated by DNA and even more so by centromere DNA bound with the cognate B protein (8, 24, 141) . Mutations in the ATPase domains of the ParAs of P1 and pB171 and ParF of pTP228 revealed a correlation between the ability of these proteins to hydrolyze ATP and to mediate plasmid stability, implying that the ATPase activity plays a role in the DNA segregation process (8, 26, 37) .
Recent cytological observations showed that the Walker-type ATPases are required for specific positioning of plasmids at subcellular locations (27, 30, 96) . Moreover, experiments with ParA of pB171 revealed that a ParA-GFP fusion protein oscillated in spiral-shaped structures over the nucleoid region (26, 27) . Oscillation, but not spiral formation, required ParB and parC, showing that the partitioning complex regulates the dynamic properties of ParA. Change of a conserved amino acid residue in the Walker A box motif revealed a correlation between ParA oscillation, subcellular plasmid positioning, and plasmid stability, suggesting a role for ParA oscillation in plasmid segregation (26, 27) . The dynamic movement of ParA ATPases in filamentous structures led to the proposal that the ATPases play a direct role in plasmid segregation, perhaps by providing the motive force required for active plasmid segregation.
In vitro, ParF of pTP228 forms extensive filaments very similar to those formed by MinD of E. coli. This is important because MinD of E. coli also oscillates in filamentous structures in vivo (132) . Both ParF and MinD form bundles of parallel protofilaments in which one end is compact and the other end has a frayed appearance consistent with filament polarity (8, 134) . ParF polymerization was stimulated by ATP but suppressed by ADP. Non-hydrolyzable ATP analogues had a stimulating effect similar to ATP, indicating that ATP hydrolysis is not required for polymerization. Moreover, ParG, which stimulates the ATPase activity of ParF, was shown to associate with ParF filaments and regulate polymerization: At low ParG/ParF ratios, ParG appeared to enhance polymerization and filament bundling, whereas high ParG concentrations resulted in decreased ParF polymerization. These observations suggest that ParG mediates its effect on ParF polymerization through stimulation of the ATPase activity of ParF. Analysis of partitiondeficient ParF Walker A box mutants showed that these proteins had an altered filamentation pattern (8) . Based on the observations described above, it is tempting to speculate that dynamic oscillation may be a general property of Walker box partitioning proteins.
HOST FACTORS AND PLASMID PARTITIONING
Several elegant genetic screens have been devised to search for host cell-encoded factors involved in plasmid partitioning (11, 66, 112, 133) . So far, such screens have led to the identification of factors involved in recombination and plasmid replication, but not in plasmid segregation. IHF is the only host factor known to play a direct role in plasmid partitioning (39, 40) . Initially, it was suggested that the process of plasmid segregation itself might be carried out by binding of plasmids to the growing plasma membrane or to the bacterial chromosome (34, 68) . However, the rapid subcellular movement of plasmids (27, 95, 117) and the fact that both F and P1 plasmids segregate into anucleate cells of mukB mutant cells argue against these ideas (32, 42) . The alternative suggestion that plasmids might segregate by direct attachment to a cytoskeletal machinery encoded by the host also seems unlikely, especially in light of more recent findings that partitioning ATPases of both types have the ability to form dynamic, filamentous structures (27, 107, 140) .
Host factors have also been proposed to participate in maintaining or tethering of plasmids at distinct cellular locations. The similar localization patterns of plasmids carrying Type I par loci seem to support this idea. However, in cytological studies in which F plasmids were detected simultaneously with P1 plasmids or RK2 plasmids (61) or with an R1 plasmid stabilized by par2 (28), the different plasmid foci occupied similar but clearly distinct positions. For these observations to agree with the receptor hypothesis requires that each par locus should have its own receptor. Furthermore, par2 distributes plasmid foci along the long axis of the cell irrespective of the focus number (28) . Thus, as many as 9 plasmid foci were more or less regularly distributed along the long axis of the cell, an observation that is most readily reconciled with a receptor-independent plasmid localization mechanism.
A SIMPLE MODEL THAT COUPLES PLASMID SEGREGATION TO ParA OSCILLATION
It is not yet known how the oscillating, filament-forming Walker box ATPases mediate plasmid segregation. However, in analogy to the Type II partitioning loci, it is tempting to suggest that polymerization of ParA acts to physically push or pull plasmid molecules apart. In the "jumping ParM model" shown in Figure 2a , we envisage that ParA polymerizes between two adjacent plasmid molecules (or clusters of molecules) and pushes them apart in a mechanism similar to that of ParM of plasmid R1. At a particular moment, ParA concentration will be highest between two foci, say F1 and F2. These two foci will be pushed apart due to polymerization of ParA that interacts with the ParB/parC complexes of F1 and F2. Due to oscillation of ParA, ParA concentration at a later moment is highest between F2 and F3 that now will be pushed apart. Thus, the oscillation of ParA functions to average, over the cell cycle, the force exerted by ParA filaments between any two given juxtaposed plasmid foci such that, over a time period of a full oscillation cycle, all plasmid foci will experience a force that distributes them along the length of the cell. The model assumes that ParA oscillates over the nucleoid and that the polar borders of the nucleoid function as toeholds for ParA. The model predicts that, in cells with one plasmid focus, the focus will end up at midcell and in cells with two foci, the foci will end up approximately at quarter-cell positions (Figure 2b) .
All cytological observations obtained with par2 of pB171 are consistent with the model. ParA of pB171 oscillates over the nucleoid in filamentous structures (27) . Oscillation depends on ParB bound to parC, meaning that ParA "senses" the presence of plasmid substrates for the segregation process (26) . Most important, in cells with many plasmid foci, the foci are evenly distributed along the length of the cells (28), as predicted by the model. The model explains in a simple way how ParA oscillation might lead to plasmid positioning. Moreover, the model predicts that even though par-carrying plasmids are found at mid-cell or quarter-cell positions there is no requirement for host cell receptors to tether the plasmids at those positions: they simply end up there due to oscillation of ParA. The lack of specific host receptors at those positions is also consistent with the observation that two compatible plasmids carrying different Type I par loci localize at similar subcellular positions but do not exhibit colocalization (that is, the plasmids are detected as distinct nonoverlapping foci at those positions) (28, 120) . Moreover, the jumping ParM model is consistent with the puzzling observation that chromosome-encoded Type I par loci from distantly related organisms (i.e., B. subtilis, Pseudomonas aeruginosa, and Pseudomonas putida) can stabilize plasmids replicating in E. coli (9, 49, 147 oscillating Soj protein, positioned an E. coli plasmid at mid-cell and quarter-cell positions is also consistent with the model (147) .
A NEW EXPLANATION FOR PARTITION-ASSOCIATED PLASMID INCOMPATIBILITY
The centromere-like sites of Type I and II par loci exert partition-associated plasmid incompatibility (4, 16, 26, 116) . Thus, when present on an otherwise compatible plasmid, parC of R1 destabilizes a mini-R1 stabilized by parMRC. Several models have been proposed to explain the phenomenon (4, 113) . One of the most popular models states that par-specific plasmid pairing of heterologous replicons would readily explain partition-associated incompatibility (74, 113). As described above, plasmid pairing by the parMRC-encoded components occurs in vitro. However, in vivo, parC-mediated incompatibility was weak, even when parC was present on a high-copy-number plasmid (20) . Furthermore, titration of ParR by parC was also modest (70) . One explanation for these observations is that ParR is preferentially cisacting and that plasmid pairing is coupled to replication such that sister plasmid molecules have a greater chance to pair than non-sisters, that is, pairing occurs between two newly replicated plasmid molecules. If this is the case, then the plasmids that pair would not be randomly selected from a pool and the incompatibility phenotype therefore would be weaker than expected from random selection and pairing.
To investigate the plasmid incompatibility phenotype associated with Type I par loci in vivo, we used a GFP-based dual labeling technique to simultaneously visualize two different plasmids. As expected, the presence of an F plasmid carrying parC1, parC2, or par2 of pB171 interfered with proper partition of an R1 plasmid carrying par2. Remarkably, however, fluorescence microscopy of the incompatible plasmids did not show any indication of heterologous plasmid pairing. Instead, pure clusters of R1 and F plasmids appeared to be distributed in a random order along the long axis of the cell (28) . This striking observation raises the possibility that incompatibility in Type I partition loci can be explained by random assortment of pure plasmid clusters. This mechanism does not involve pairing of heterologous plasmids carrying the same par locus. On the other hand, cytological data show clearly that homologous plasmid molecules do pair or cluster (see below). These results are most readily explained by the assumption that plasmid pairing occurs preferentially between newly replicated plasmid molecules.
PLASMID SEGREGATION AND THE PARADOX OF PLASMID CLUSTERING
Accumulating evidence indicates that lowcopy-number plasmids are non-covalently clustered within bacterial cells. The average copy number of plasmid R1 is 4-5 per cell (115) but the average number of plasmid foci detected by FISH or GFP-tagging was considerably lower (73, 144) . Convincing evidence of the clustering phenomenon came from the observation that an R1 plasmid copynumber mutant (4 times the wild-type copy number) had an average focus number similar to the wild-type control plasmid (144) . Plasmid P1 is also located in clusters (53) and even high-copy-number plasmids can be found in clusters (75, 119) . Plasmid clustering, although not understood, is not a result of plasmid multimer formation and does not depend on the presence of a par locus (27, 144) . Inhibition of DNA replication or DNA gyrase alters plasmid focus localization but does not prevent plasmid clustering, suggesting that normal superhelicity and DNA replication are not required for clustering (75) . Double labeling experiments showed that clustering is replicon specific, that is, clusters normally consist of one type of replicon only (28, 61) . This observation raises the possibility that plasmid clustering depends on sequence homology between the origins of replication, a hypothesis that should now be tested.
The clustering phenomenon raises a paradox: Normally, low-copy-number plasmids devoid of their par loci are characterized by a loss frequency compatible with each plasmid molecule behaving like one segregating unit. Thus, if the plasmid cluster behaves as the unit of segregation a much larger loss frequency would be expected (114) . One possible solution to this paradox is that the replication machinery located at mid-cell (31, 82, 90) recruits plasmids one at a time from the plasmid clusters for replication. If, after replication, the two new plasmids distribute themselves randomly between the cell halves, then the clustering phenomenon would not be inconsistent with a binomial distribution of the plasmid molecules between daughter cells (114) . However, the clustering phenomenon raises a number of questions; among others is how a partitioning machinery copes with assemblies of more than two plasmid copies. (9, 49, 98, 106) . The large linear chromosome of Streptomyces coelicolor A3 also encodes a Type I par locus (77) . However, E. coli and some of its close relatives such as Haemophilus influenzae do not contain Type I loci (46) .
CHROMOSOME-ENCODED TYPE I par LOCI
Like plasmid-encoded par loci, chromosomal par loci encode two trans-acting proteins that act on a number of cis-acting sites scattered on the chromosome. The number and distribution of the cis-acting sites vary among species, and they need not all be closely linked to the par operon. In general, the cisacting sites are clustered around the originproximal region of the chromosome (9, 49, 69, 98) . Consistent with the notion that the chromosomal par loci, like their plasmid-encoded counterparts, might be involved in DNA segregation, mutations in or deletion of chromosomal par loci result in chromosome segregation defects. However, these effects often are modest or even difficult to detect as they might appear only during specific growth conditions or during certain time points in the developmental life-cycle of a cell (49, 67, 77, 94) . Moreover, a number of indirect observations indicate that Type I loci are not the main players in bacterial chromosome segregation. For example, movement of the origin region of B. subtilis does not depend on spo0J (142, 143) . However, as described below, chromosome-encoded par loci may play central roles in chromosome segregation during specialized conditions.
The chromosomal par locus soj-spo0J of B. subtilis has been studied in detail. Like its plasmid-encoded counterparts, the B. subtilis ParB analogue, Spo0J, contains a HTHmotif (93) that mediates specific binding of Spo0J to 8 cis-acting parS sites in the originproximal 20% of the chromosome (98) . Fluorescence microscopy experiments have shown that binding of Spo0J to parS creates small nucleoprotein complexes that, in the presence of Soj, condense into one discrete focus at each origin region (48, 102) . During vegetative growth, Spo0J foci follow the replicated origin regions as they move apart and segregate to positions near the borders of the nucleoid located at the quarter-cell positions (48, 89, 102) . This finding, combined with the observation that deletion of Spo0J results in elongated cells with abnormal nucleoid morphology in addition to an increased percentage of anucleate cells, led to the suggestion that Spo0J-Soj might be involved in origin organization and/or segregation (6, 67) . Consistently, comparison of origin positions revealed that origin regions were located closer together in spo0J than in wild-type cells (89) . This suggested that Spo0J plays a role in origin positioning. However, introduction of parS sites into different chromosomal locations did not allow Spo0J to bring these sites to the quarter-cell positions. Alternatively, it was proposed that Spo0J might play a role in separation of sister origin regions or in maintenance of these regions at specific cellular positions (89) . Curiously, deletion of Soj does not seem to affect cell length or nucleoid appearance (67), indicating that unlike the plasmidencoded ParA homologues, Soj does not appear to be essential for chromosome partitioning during vegetative growth. Nevertheless, as Spo0J and Soj are both required for the stabilization of a parS-carrying plasmid in B. subtilis, Soj may play an as yet unknown role in chromosome segregation (98) .
Recent evidence points to a more direct role for Soj-Spo0J in chromosome segregation during sporulation. At the onset of sporulation, before formation of the asymmetric septum, the chromosomal DNA forms an elongated structure called the axial filament, in which the origin proximal region of the chromosome moves to the cell pole where it forms a condensed structure (120) . Investigations of this process have shown that Spo0J and Soj might play a role in the correct positioning of the origin region at the cell pole (10, 146) . However, the experiments also show that Spo0J-Soj probably do not act alone but are complemented by an independent origin segregation mechanism that involves the RacA protein expressed early in sporulation (10, 146) . Apparently, RacA binds to a region to the left of the origin of the chromosome and recruits it to the pole (10). Both Soj-Spo0J and RacA require the polarly sequestered DivIVA protein as an anchor for the origin DNA. Consistent with the proposal that RacA and Soj-Spo0J play partially redundant roles in origin segregation during sporulation, deletion of both systems at the same time results in strains in which most cells fail to trap the origin region in the prespore (10, 146) .
Deletions in the parAB locus of S. coelicolor also result in chromosome segregation defects during formation of spore chains. In agreement with a role of ParAB of S. coelicolor in chromosome segregation during sporulation, transcription of parAB from one of two operon promoters is greatly stimulated at the time of sporulation (77) . The free-living rod-shaped bacterium P. putida does not pass through developmental phases. However, in this organism the effect of ParAB on chromosome segregation depends on the culture medium and growth phase, as mutations in the parAB locus result in chromosome loss only during the transition from exponential growth to stationary phase of cells grown in minimal medium (49, 94) .
COMPARISON OF THE OSCILLATING PROTEINS MinD, ParA, AND Soj
Like ParA of pB171, the deviant Walkertype ATPases Soj of B. subtilis and MinD of E. coli exhibit dynamic movements. Apparently, Soj forms polarly located patches that oscillate or jump from nucleoid to nucleoid within living cells of B. subtilis (102, 122) . Soj jumping requires the presence of Spo0J and probably parS. Hence, when Spo0J is absent, Soj relocates to the chromosome, where it binds and represses sporulationspecific promoters (102, 121, 122) , which explains the sporulation-defective phenotype of spo0J cells. Examination of the ability of Soj ATPase mutants to localize to the pole and bind to the nucleoid led to the proposal that the ATP-bound form of Soj interacts with Spo0J and the ADP-bound form binds DNA and regulates promoter activity (122) . More recently, in vitro studies of Soj from Thermus thermophilus have shown that Soj forms ATPdependent dimers in solution. Dimerization of Soj facilitates cooperative and non-specific binding of the protein to DNA, thereby mediating the formation of a nucleoprotein filament (92) . Spo0J activates the ATPase activity of Soj, which is thought to result in dissociation of Soj dimers followed by release of Soj from the DNA. The hypothesis that Spo0J regulates Soj oscillation is consistent with the observation that a mutation in Spo0J resulted in an increased Soj oscillation frequency (6) .
Whereas ParA and Soj oscillate over the nucleoid, E. coli MinD is located at the inner surface of the cell membrane where it undergoes cooperative polymerization (86, 139) . Like Soj, MinD undergoes ATP-dependent dimerization. The MinD dimer forms a complex with MinC and thereby recruits it to the membrane where MinC acts to prevent Z-ring formation (62, 64, 65, 118) . MinCD-mediated inhibition of cell division is controlled by MinE, a topological specificity factor that constrains the MinCD inhibitory action to the cell poles (25, 149) . Hence, in the presence of MinE, the MinCD complex oscillates in a timescale of seconds from cell pole to cell pole within extended coiled structures that wind around the cell cylinder (64, 124, 125, 132) . Analogous to Spo0J-mediated regulation of Soj jumping, MinE is thought to regulate MinD oscillation by stimulating the ATPase activity of membrane-bound MinD, thereby releasing MinD into the cytoplasm (62, 63, 86, 134) .
The properties of MinD, Soj, ParF, and pB171 ParA are in all cases modulated by ATP and ADP. In the case of MinD and Soj, nucleotide-dependent dimerization appears to be required for DNA/membranebinding (65, 92) , whereas Spo0J/MinEmediated stimulation of the ATPase activity regulates dynamic movement of the proteins www.annualreviews.org • Plasmid Segregation Mechanisms (86, 92) . As oscillation of ParA of pB171 apparently requires ATP-binding or hydrolysis in addition to ParB and parC, a similar regulation might control the oscillation of this protein (26, 27) . Also, assembly and disassembly of the ParF filaments is modulated by the nucleotide state of the protein, which again seems to be regulated by ParG (8) . Together, these observations are consistent with the proposal that nucleotide binding and hydrolysis act as a molecular switch that controls the properties of all these proteins in vitro as well as their function in vivo. In the case of the P1 par system, ADP stimulates the promoter regulatory activity of ParA, as mentioned above. Recognition of the partitioning complex by ParA, on the other hand, requires ATP but is not dependent on hydrolysis (15) . Thus, also in this case, ADP and ATP might function as a molecular switch that controls the dual functions of ParA in autoregulation and partition.
CONCLUDING REMARKS
The DNA segregation mechanisms specified by plasmid partitioning loci have been difficult to uncover. However, recent cytological observations have opened the door to the problem and coherent models are emerging. Especially in the case of the R1 Type II par locus, an understanding of the molecular mechanisms underlying plasmid segregation appears within reach. Until recently, the phenomenon of dynamic instability was associated solely with eukaryotic microtubules, where the repeated cycles of growth and shrinkage of the tubulin polymers are thought to play an essential role, particularly in DNA segregation. However, the finding that the actin-like partitioning ATPase, ParM, exhibits a similar behavior indicates that eukaryotic and prokaryotic cells have evolved functionally very similar ways of dealing with an essential process in the cellular life cycle, namely DNA segregation. For Type I par loci, thorough examinations of the P1 and F loci in particular have contributed extensive information on transcriptional regulation of the par operons, formation of partitioning complexes, in addition to biochemical properties of the individual par proteins. Of the questions still remaining the most important seems to be the role of the ATPases in plasmid distribution. A clue to an understanding of this central question came from the discovery that two Type Ib partitioning ATPases form filamentous structures that play a vital role in plasmid segregation. It is now within experimental reach to elucidate this type of DNA segregation mechanism as well.
SUMMARY POINTS
1. The parMRC locus segregates plasmids by a mitotic-like mechanism.
2. ParM forms actin-like filaments reminiscent of the eukaryotic spindle.
3. ParM filaments exhibit dynamic instability, a property hitherto only seen with eukaryotic tubulin.
4. ParA ATPase of pB171 forms spiral-shaped structures that oscillate on the nucleoid.
5. ParF of pTP228, a ParA homolog, forms MinD-like filaments in vitro.
6. par2 of pB171 distributes plasmids along the long axis of the cell.
7.
A model that explains the apparent coupling between ParA filament oscillation and ordered plasmid segregation is presented here.
8. Cytological observations allow us to propose an unexpected explanation of partition locus associated plasmid incompatibility.
